INTRODUCTION
============

Long-range transport of material is an essential process in cells of the CNS, whose length can span ≥1 m. Even in the shortest neurons, with lengths on the order of tens or hundreds of micrometers, the transport of vesicles from cell body to synapses at cell ends has proven a challenging process to understand. Partly for this reason, model organisms in which related processes take place have led to insights about the underlying phenomena. These include the assembly and disassembly of microtubules (MTs), their dynamic stability properties, the roles of motors such as kinesin and dynein that move along these asymmetric tracks, and the competition of these molecular motors for the cargo that they transport. The presence of multiple interacting components and their collective behaviors make these systems ripe for mathematical modeling ([@B5]), which can integrate observations of multiple components into a unified, coherent framework.

Much recent work has focused on the molecular nature of bidirectional motor transport of cargo along MTs ([@B34]) and whether reversal of direction arises from upstream regulation ([@B19]; [@B20]) or a spontaneous stochastic "tug-of-war" between competing families of motors ([@B25]; [@B35]; [@B12]). However, regardless of local molecular mechanism, there remains an important systems-level question: at the cell scale, is cargo transport self-organized, or does it require spatiotemporally organized regulation? Specifically, can the observed dynamics be entirely explained by local concentrations of motors, MTs, and cargo, with rate constants that are uniform in space and time (suggesting self-organization), or must these rate constants be spatially nonuniform (suggesting organization by upstream spatiotemporal regulation)? Cytoskeletal assembly and actin dynamics in cell polarization and chemotaxis are spatially regulated by signaling proteins such as Rho-family GTPAses ([@B28]; [@B11]). The details of these spatially nonuniform regulators are becoming well characterized ([@B38]), including feedback with MTs ([@B39]). Hence, it is reasonable to ask whether similar or analogous regulatory pathways are needed to organize the spatial pattern of MT motor-based transport.

In many contexts, upstream regulators of MT motor binding and activation are spatially nonuniform: posttranslational modification of tubulin is required to properly direct kinesin-1 to axons ([@B17]) and modulates kinesin-3 in the yeast *Aspergillus nidulans* ([@B42]); Tau, which differentially regulates both kinesins and dynein, exhibits a concentration gradient along axons that is perturbed in disease ([@B8]). During mitosis, the kinesin-13 regulator Aurora B is active only near the kinetochore ([@B29]). On the other hand, spatially precise dynamics can also occur without spatially organized regulation: dendrite-specific cargo bound to dynein selects dendrites by identifying the mixed polarity of MTs ([@B16]); complex patterns of pigment granules can result from self-organization of sliding MTs ([@B23]).

The filamentous fungus *Ustilago maydis* has been used as a model system for long-range transport of endosomes in dendrites. Unlike neurons, these fungal hyphae are easy to grow and manipulate genetically and can be readily mutated, or subjected to a variety of transport inhibitors. See [@B36] for a recent review of motor proteins and fungal morphogenesis. Early endosomes (EEs) move rapidly and bidirectionally in the cell, both toward (anterograde) and away from (retrograde) the hyphal tips. The motion and distribution of EE have been quantified experimentally ([@B30]-- [@B32]). *U. maydis* cells are ∼80--100 μm long, with approximately two to four microtubules in bundles, spaced ∼10 nm apart. The MT array is unipolar at cell tips and antipolar at the cell center. Only two kinds of molecular motors, kinesin-3 and dynein, mediate EE transport in this organism, although kinesin-1 is implicated in organizing dynein. Kinesin-3 attaches permanently to early endosomes, but the kinesin-EE complex binds and unbinds MT tracks. Most dynein is found closer to the cell tips in structures resembling "comets," where EEs are efficiently captured ([@B30]). A given endosome may be bound to one dynein and four or five kinesin-3 motors at once.

A hypothesis recently proposed for EE transport in *U. maydis* ([@B31]) suggests that EEs movement along the bulk of the filament are driven by kinesin-3. Once an EE reaches the edge zone (either tip or septum), a directional switch is driven by dynein, which carries the EE out of the edge zone, after which kinesin-3 resumes long-range transport in the opposite direction. Although this hypothesis is geometrically simple, it raises the question of what upstream mechanism controls the switches with the requisite spatial accuracy. A modified (but overlapping) hypothesis, which we explore here, is that EE transport is self-organized, with switching rates determined only by concentrations of motors and the polarity of the underlying MT array. Although our model is kinetically simpler, it is difficult to predict the consequences of this model without recourse to mathematical modeling.

Previous mathematical models also investigated the nanometer-scale interaction of motors with the lattice of individual MTs at the edge zones ([@B4]). Experiments show that dynein molecules accumulate at the two edge zones, demonstrating that there is a capture mechanism that depends on dynactin ([@B30]; [@B40]). [@B4] propose that dynein capture can arise from a "traffic jam" of dynein on the MT lattice.

Here, to address questions of cell-scale organization, we derive a continuum model of EE transport in *U. maydis*. We keep the model as simple as possible while including three distinct stages of the process: MT assembly, motor organization, and EE transport. Parameters are obtained from experimental literature, and the model is validated against EE transport in mutant strains ([@B30]-- [@B32]). Our model agrees quantitatively with available data and allows us to infer behavior that is difficult to observe experimentally, such as cargo fate at MT ends within a bundle. The model also makes several experimentally testable predictions.

RESULTS
=======

A hierarchical continuum model for microtubule arrays, motors, and early endosomes
----------------------------------------------------------------------------------

To test whether the abundance of quantitative experimental data on *U. maydis* can be integrated into a single quantitative model, we develop a continuum, mean-field model in which transition rates are uniform in space and time, that is, depend only on local concentrations of microparticipants. The continuum modeling approach ([@B24]) describes quantities such as motors and endosomes as densities. When used to describe discrete objects, the continuum approach is valid in three circumstances: 1) if there are many identical objects, as is the case for motors in hyphae ([@B21]), 2) when used to describe time-average behavior, or 3) as an average over an ensemble of similar systems that share basic properties. In the last two cases, the continuum approach yields densities that describe the probability of finding a molecule at a particular location. The advantage of our continuum approach is that it represents stochastic processes in a mathematically straightforward manner compared with explicit stochastic simulation ([@B25]; [@B27]).

We build up the model in three stages, summarized in [Figure 1A](#F1){ref-type="fig"}. First, we consider how nucleation sites determine the microtubule array structure. Second, we formulate equations for the motion and state transitions of dynein, including their transport by kinesin-1. Finally, we model the motion and state transitions of EEs. This hierarchical modeling approach ignores possible feedback between layers of the model; for example, motors have been shown to influence MT polymerization ([@B2]; [@B13]; [@B26]). Therefore we are implicitly testing the assumption that the primary determinants of each layer are contained in the previous layer and feedbacks are of secondary importance. We also ignore feedback from downstream processes, such as dynein-dependent EE maturation ([@B1]). We summarize the model here and provide mathematical details in the Supplemental Material.

![Schematic of model. (A) MT nucleation sites (red dots) spawn MTs (green rods) that grow into parallel and antiparallel arrays in fungal hyphae and neuronal axons. Dynein motors (blue) are transported to MT minus ends by intrinsic motor activity or to MT plus ends (denoted by a plus sign) by kinesin-1 (orange K\'s with blue dot) and accumulate in a comet-like reservoir (blue teardrops) at MT plus ends. Kinesin-3 motors (orange K\'s) and dynein attach to early endosomes (EE, black spheres) and walk toward MT plus and minus ends, respectively. (B) Transitions in the dynein model. In the bulk of the hyphae, away from edges, dynein is freely bound to a MT (F) or being transported by kinesin-1 (K). In the latter two cases, it can be attached to either a right-facing or left-facing MT. There are reservoirs ("tip capture") at both hyphae ends *x* = 0 and *x* = *L*. Individual dynein motors transition between these states, and we explore several possible sets of allowable transitions (see [Figure 3B](#F3){ref-type="fig"}). (C) Schematic of transitions among the four EE states (*u^ij^*): those bound to kinesin-3 (K) or dynein (D) moving to the left (L) or right (R). For simplicity, we assume that the hyphal tip and septum are symmetric in terms of EE and motor dynamics and therefore label these ends Left and Right. We assume that every state can switch to any other state. The rates *f^ijpq^* (from state *ij* to state *pq*) are calculated based on the MT--dynein model (see Supplemental Material). Only three rates are shown in the figure for clarity. Total EE number is conserved.](2408fig1){#F1}

Because the features of EE transport in which we are interested appear to be approximately symmetric with respect to the tip and the septum, we refer to either side as a generic "edge zone" and differentiate them by referring to them as "left" and "right" edges.

Microtubule array with asymmetry in binding sites arises from isotropic but inhomogeneous microtubule nucleation sites
----------------------------------------------------------------------------------------------------------------------

MTs in fungal hyphae are nucleated by the γ-tubulin ring complex, which is distributed throughout the hyphae, except in regions of ∼10 μm from the edge zones ([@B31]). We assume that the nucleation sites are randomly chosen to face toward left or right edges ([Figure 1A](#F1){ref-type="fig"}). MT plus ends exhibit dynamic instability, switching between polymerization and depolymerization at known rates ([@B30], [@B31]). We assume that MT plus ends encountering an edge depolymerize ([@B33]). This leads to a slight variant of the model by [@B9] and leads to a predicted mean MT length of 4.8 μm. To match the total number of MTs ([@B31]), we estimate the nucleation rate to be ∼2 MTs/s per micrometer.

Left- and right-facing MT arrays are quantitatively described by two variables: the plus-end distribution *p^R^*(*x*) and *p^L^*(*x*) and the density of MTs at that cross section, *N^R^*(*x*) and *N^L^*(*x*), where *x* describes the location along the hyphal length ([Figure 2A](#F2){ref-type="fig"}). Note that plus-end polarity is revealed by plus-end-tracking fluorescent labels such as EB1 ([@B3]) and Peb1 ([@B31]), whereas polarity of MT density determines the asymmetry of binding sites on the MT lattice and is therefore the important determinant of asymmetry in MT-binding motors but is more difficult to measure experimentally. We define the array polarity in plus ends as the fraction of right-facing plus-ends,

![Microtubule array organization predicted by assuming isotropic nucleation that is spatially uniform (B--D) or inhibited in edge zones (E--G). (A) Local plus-end density and MT density are distinct quantities. In this schematic, the plus-end density in the shaded region is left-right symmetric. However, the local MT density (the key quantity for motor binding) in the shaded region is asymmetric. (B, E) Plus-end densities. (C, F) Microtubule densities, that is, the number of MTs traversing a cross section at this point. (D, G) The ratio of right:left MT density (green) and plus ends (blue). We refer to the ratio of MT cross-sections as the array\'s polarity, *P*(*x*). Plus-end density has been measured experimentally ([@B31]) and compares qualitatively with both B and E. In Supplemental Figure S1, we explore the effect of different MT length on MT array organization.](2408fig2){#F2}

(green dashed curve in [Figure 2, D and G](#F2){ref-type="fig"}), and, similarly, the array polarity in MT density as

(blue solid curve in [Figure 2, D and G](#F2){ref-type="fig"}).

To explore the importance of inhibited nucleation in the edge zones, we simulated the model assuming MTs are nucleated everywhere ([Figure 2, B--D](#F2){ref-type="fig"}). Surprisingly, we find that these two polarity descriptors can be significantly different: whereas the array is asymmetric as observed by plus-end densities, it is symmetric in terms of MT-binding sites. We thus conclude that inhibition of nucleation in the edge zones is necessary for generating an array that is asymmetric to MT-binding molecules such as motors. Plus-end density has been measured experimentally ([@B31]) and compares qualitatively with both [Figure 2, B and E](#F2){ref-type="fig"}.

Dynein distribution arises from accumulation in edge zones and exhibits qualitatively different profiles depending on mechanism of interaction with kinesin-1
-------------------------------------------------------------------------------------------------------------------------------------------------------------

Dynein motors directly bound to MTs move toward the minus ends of MTs. They are also transported to MT plus ends by kinesin-1. Dynein comets accumulate in the edge zones, and the mechanism of accumulation has been described as "traffic jams" on the MT lattice ([@B4]). Our model is agnostic with regard to the details of the mechanism of accumulation: we assume that when dynein reaches an edge, it transitions to a captured state from which it is stochastically released. [@B30] report two subpopulations with release rates 0.1 and 0.01 s^−1^, with about half of the captured population corresponding to each rate. Release events from each population will contribute to the mobile population proportionally to its release rate, and therefore we can neglect the slow-release population and consider a single captive population with release rate 0.1 s^−1^. We do not explicitly model spatial features of the edge-captured populations, and therefore effectively the model represents these populations as residing at a single point in space.

We assume total dynein amount is conserved. Recent experiment and modeling suggest that translationally active ribosomes are distributed evenly throughout hyphae ([@B14]), raising the possibility that new dynein is created everywhere in wild-type (WT) cells. Of interest, ribosome distribution is motor dependent, potentially leading to a feedback loop between motor transport and new creation of motors that would be perturbed in dyn-ts and kin-ts mutants. Spatially distributed dynein production remains not fully characterized, and exploration of this feedback loop is beyond the scope of the present work, so we assume that dynein creation is negligible relative to dynamics of the existing population.

The biophysical details of the transition from MT-bound to kinesin-1-bound are unresolved, so we explore several possibilities, summarized in [Figure 3B](#F3){ref-type="fig"}: i) direct switching of a dynein-kinesin-1 complex on the same MT, ii) dissociation of dynein from the MT into the cytoplasm, followed by reattachment to a MT facing either direction, by either kinesin-1 or the dynein motor domain, and iii) both pathways (i) and (ii) active, where we assume rapid rebinding of EEs once in the cytoplasmic pool. We find that all three models are capable of generating a dynein density with edge accumulation that decays away from edges. However, the dynein density in the bulk midregion varies qualitatively between models. In direct exchange (i), the density of dynein is exponentially small in the middle region. For exchange through the cytoplasm (ii), there is a basal density throughout the hyphae. When both exchange pathways are significant (iii), there can be peaks and troughs in the density profile. Quantitatively accurate measurement of the dynein density could therefore resolve which exchange mechanism is dominant. Note that [@B21] describe the density of dynein in each comet, rather than the entire spatial density profile along the hyphae.

![Dynein distribution (A) predicted by different models for the exchange of individual dynein molecules (B). In all three model variants, dynein reaching tips is transiently captured into a tip. The populations in these tip compartments are denoted by vertical dashed lines. In all cases, we find regions of high density near both tips (but outside the captured subpopulation) that decay exponentially moving toward the bulk. Minor features depend on whether dynein exchanges directly from minus end directed to kinesin-1 driven (i, blue curve); exchanges via a freely diffusing state in the cytoplasm (ii, green curve); or exchanges among all four possible states (iii, red curve).](2408fig3){#F3}

For dynein model (i), there are two unknown parameters corresponding to the rates of switching between kinesin-1 driven and dynein driven. We can determine these parameters from the characteristic size of the regions of high dynein density (see Supplemental Material). For more complicated models (ii, iii), available experimental data are insufficient to constrain all rate constants. Therefore we are limited to concluding that these models are sufficient to produce the dynein distributions in [Figure 3](#F3){ref-type="fig"}, without constraining parameters. However, we find qualitative differences that can be understood intuitively. In the case of direct exchange alone (i), dynein density is exponentially small near the cell middle, in contrast to the other models, which have significant density far from the edges created by exchange through the cytosol. Although this background density is not necessarily mostly cytosolic, the presence of this mode of exchange indirectly increases the dynein density. This suggests a possible experimental approach to discriminate between (i) and others. To discriminate (ii) and (iii), we observe that (iii) allows secondary features such as local maxima (see Supplemental Figure S2). These secondary features are not present in either (i) or (ii) and are due to multiple competing types of exchange, in this case through either cytoplasm or directly on a single MT.

Early endosome dynamics, validated in kinesin-3 and dynein mutants, is consistent with uniform kinetics
-------------------------------------------------------------------------------------------------------

We next attempted to test the hypothesis that EE dynamics can result from the foregoing spatial organization of MTs and dynein with spatially uniform transition rates. The model follows experimental demonstration that an individual EE is transported either by kinesin-3 toward MT plus ends or by dynein toward MT minus ends ([@B31]). This leads to four subpopulations of EE: those moving to the right or left, driven by either kinesin-3 or dynein. We describe these states as KR, KL, DR, and DL, where the first letter describes the driving motor and the second the direction of motion. The rate of switching to dynein-driven states is proportional to the local density of dynein, as determined by the foregoing dynein model, whereas rate of switching from left-facing MT to right-pointing MT is proportional to the MT binding-site polarity, *P*(*x*), as determined by the foregoing MT array model. With this assumption, although there are 16 possible transitions between four states, there are only two unknown parameters in the EE model, representing basal transition rates onto dynein- or kinesin-3--driven states, respectively (see Supplemental Material). We fitted these para­meters to the wild-type run-length profile of EEs beginning at one edge (from [@B31], leading to EE densities shown in [Figure 4](#F4){ref-type="fig"}. We report the EE density in each of the four subpopulations ([Figure 4, A--D](#F4){ref-type="fig"}) and total EE density in steady state ([Figure 4E](#F4){ref-type="fig"}). The total density ([Figure 4E](#F4){ref-type="fig"}) is large everywhere along the hyphae, in agreement with observations (see, e.g., Figure 7D in [@B31], but is twice as large at edges compared with the cell middle. To our knowledge, large-number statistics of EE location has not been reported experimentally, and this is therefore a straightforward prediction of our model. In [Figure 4, A--D](#F4){ref-type="fig"}, we also report the kymographs as the system approaches steady state from an initial condition with all EEs uniformly distributed and equally driven by left and right kinesin-3. From the kymographs, we find that the characteristic time scale (the time interval over which major changes take place) is ∼30 s, and steady state has been effectively reached within 100 s. These time scales provide lower bounds on the time the system needs to adjust after, for example, drug treatment or temperature changes.

![Early endosome distribution. (A--D) Kymographs (time on vertical axis, space on horizontal axis) showing four EE densities beginning from an initial state with EEs kinesin driven and spatially uniform. The steady-state distribution (*t* = 500) indicates that dynein is highly concentrated near edges, and hence is mostly responsible for EE transport here, whereas kinesin-3 has a broader distribution and hence facilitates long-range transport of EE in the bulk. (E) Steady-state distribution of EEs including all four states.](2408fig4){#F4}

The same run-length distribution is shown in [Figure 5](#F5){ref-type="fig"}, both binned into 10-μm bins (blue histogram) and as a full, continuous distribution (red curve). The continuous distribution reveals minor nonsmooth features near the boundary between edge zones, ∼10 μm from either edge, approximately where MT nucleation begins. This prediction for hidden structure could be investigated experimentally by collecting data with large sample sizes and refined binning. The run-length histograms reported in [@B31] exhibit a lack of run lengths in their shortest bin (\<10 μm). This could be due to the difficulty in observing and defining such short-lived runs.

![Run lengths of anterograde early endosomes beginning from the left end. Binning the run lengths with bin size ∼10 μm leads to a histogram with approximately exponentially decaying run lengths and a peak at the right end, signifying that a fraction of EEs is transported all the way to the other tip. This histogram compares well with experiment ([@B31]). The same simulation result shown as a continuous distribution (red) exhibits two small local features at the transition regions, corresponding to the absence of MT nucleators at the edges. Red upward-pointing arrow indicates a fraction of EEs that do not switch before reaching the right tip.](2408fig5){#F5}

To further test our model, we simulated scenarios where either kinesin-3 or dynein was removed from the simulation, mimicking experiments with kin-ts and dyn-ts mutants in which kinesin-3 and dynein are inactive, respectively ([@B31]). Results from simulations without dynein are shown in [Figure 6, A and B](#F6){ref-type="fig"}. EEs accumulate in the edge zones, and their run length is increased slightly (28 μm in dyn-ts vs. 26 μm in WT), in agreement with the dyn-ts mutant. When kinesin-3 is removed from the simulation, in [Figure 6C](#F6){ref-type="fig"}, EEs accumulate everywhere except for the edge regions, again agreeing with the kin-ts mutant. Taking the results together, we find that this simple model with spatially uniform switching rates is consistent with reported EE dynamics.

![Model perturbations representing dynein and kinesin-3 mutants. (A) Model prediction for EE distribution (i, ii) and run length (iii) in dyn-ts mutants in which the activity of dynein is suppressed. The EEs accumulate at cell tips, in agreement with [@B31]). The run lengths are increased slightly compared with WT (mean run length, 27.6 μm in dyn-st and 25.6 μm in WT). (B) Model prediction of EE distribution in kin-ts mutants in which kinesin-3 is suppressed. Most EE occupy the bulk, away from the edges, with slight vacancy near the middle, in agreement with [@B31]). In both A and B, the histogram (i) shows steady-state EE distribution and (ii) shows dynamics approaching this steady state from initial conditions with uniformly distributed EEs.](2408fig6){#F6}

MT length does not significantly modulate EE dynamics
-----------------------------------------------------

To explore the importance of our predicted mean MT length of ∼5 μm, we ran simulations with a modified MT length by halving and doubling the catastrophe rate. Results for the MT array model and implications for the downstream dynein and EE models are presented in Supplemental Figures S3--S5. We find the main results insensitive to these perturbations, suggesting that the size of the MT nucleation inhibition zones (10 μm) is the primary determinant of the MT array pattern. The main effect of larger MT lengths is to widen the transition region from bulk array to edge zone. We further simulated the dynein model (ii) and EE model. The effect of MT length on dynein distributions is similar to MT array organization, that is, the transitions are smoothed out. EE run lengths and distributions are minimally affected (\<5% change even under twofold changes in MT length).

DISCUSSION
==========

In neuronal axons, MTs form a parallel array with plus ends pointing toward the growth cone, so dynein is primarily responsible for carrying cargo in the retrograde direction (toward the soma). In dendrites, this is not the case. There, antiparallel MTs, as well as unipolar MTs, are found, mirroring the structure of the hyphae of *U. maydis*. Here we used a relatively simple set of deterministic models to represent and explore the interactions of microtubules, kinesin-3, kinesin-1, and dynein motors and their transport of early endosomes in these fungal cells. We find that much of the experimental data can be explained by such models, despite their relative simplicity. One power of a model is as a "data integrator," allowing data from different experiments to be integrated into a coherent description that highlights gaps in our understanding and possible inconsistencies. Specifically, for example, our work shows that spatial organizers of dynein are the least constrained by experiments reported in the literature. Our model also makes several testable predictions, including the EE density averaged over time ([Figure 4E](#F4){ref-type="fig"}) and the secondary features in EE run lengths ([Figure 5](#F5){ref-type="fig"}) that would be observed with the collection of more data and analysis of smaller bin sizes.

Mutants of dynein and kinesin-3 led to a qualitative description of EE transport ([@B31]) in which dynein drives short-range movement of EE away from edge zones, whereas kinesin-3 drives long-range transport across the bulk of the hyphae. This cooperation is approximately consistent with the EE transport that arises naturally in our model. Our mathematical model clarifies this description by emphasizing that dynein and kinesin-3 are equally active everywhere, and the apparent geographical division of labor arises as a consequence of accumulation of dynein at edge zones and the details of MT array polarity, which is itself a consequence of MT nucleation inhibition in the edge zones.

Our model is deliberately agnostic about the molecular details of how an EE switches, how many motors are simultaneously active, how they are load sharing, and the effects of crowding ([@B6]; [@B41]). This agnosticism allows us to focus on the larger question of how the motors are spatiotemporally regulated. Because we find that uniform switching rates are sufficient to describe experimental data, including data from mutants, in this system, the assumption that cargo switches direction through a stochastic tug-of-war would yield the same overall, cell-scale dynamics as assuming an upstream regulated switch.

One surprising result from our model of the MT array is that the array can be asymmetric in plus-end density but symmetric in MTs. Often the MT array\'s polarity is determined experimentally by observing plus ends ([@B33]; [@B3]; [@B31]). However, for motor--MT interactions, the governing quantity is polarity of MT density, that is, the number of MTs passing through that cross section, which determines the local density of binding sites. Our results demonstrate that even if the plus ends are asymmetric, the motors may experience symmetric binding and vice versa.

In many in vivo contexts, MT-motor--mediated transport occurs on bundles of MTs. An important question is thus what happens when motor-bound cargo encounters a MT tip in the bulk of the bundle ([@B34]; [@B10]). Our model predicts a mean MT length of 4.8 μm and a mean EE run length of ∼30 μm. Together, these quantities suggest that individual cargo driven toward, for example, a MT plus-end can continue traveling past the plus end onto another MT in the bundle.

The dynein densities in the edge zones exhibit dramatic comet-tail densities. To explain these, [@B4] developed a stochastic model of individual dynein motors crowding the lattice of individual MTs. Here we demonstrated that the same comet-tail distribution can be described as the retention of dynein at the edges, combined with uniform release of dynein from the edges, followed by uniform dissociation from the MT array. Note that these models are not mutually exclusive, and, indeed, in our model, crowding may be the mechanism of dynein retention.

Similar systems-level mathematical models that consider the scale of the entire transport process, rather than individual cargo, can help elucidate other long-range bidirectional cargo transport processes. They can be extended to include MT transport ([@B7]), its role in peroxisome transport in *Drosophila* ([@B18]), and motor feedback to MT polymerization dynamics ([@B22]). The utility of these models lies in their ability to integrate available quantitative data from many experiments into a coherent picture and show what spatiotemporal regulation, if any, is necessary. In the present case of fungal hyphae, we found that the only necessary spatial organization is inhibition of MT nucleation in the edge zones. However, we expect that modeling other systems will reveal a need for more complex upstream organization (e.g., [@B15]). In these cases, mathematical models will provide clues to help elucidate the mechanism of upstream regulation.

MATERIALS AND METHODS
=====================

The mathematical models are described explicitly in the Supplemental Material. They consist of sets of coupled hyperbolic partial differential equations describing the time evolution of densities on a one-dimensional finite domain with no-flux boundary conditions, representing the length of the hyphae. There are 16 model parameters, 11 of which were taken from published experimental studies ([@B37]; [@B30], [@B31]). The remaining five parameters are estimated here, each using specific experimental data as described in *Results* and Supplemental Material. In more complicated models of dynein transport, the number of parameters increases (Supplemental Table S1). Our results describe the model\'s steady state unless otherwise stated. Steady-state solutions were found analytically or numerically, using a finite-difference scheme implemented in MATLAB (MathWorks, Natick, MA).

Supplementary Material
======================
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